Introduction
Pneumatoceles (also known as pulmonary pseudocysts) are thinwalled gas-filled cysts that develop within the lung parenchyma. 1 Pneumatoceles can occur at all ages from infants to adults and may be solitary or multiple lesions. The etiology of pneumatoceles includes congenital, 2 traumatic, 3, 4 post-infectious, 5-9 hydrocarbon ingestion, 10, 11 and ventilator induced. [12] [13] [14] The most common reports in the literature are in older children and adults associated with post-infectious problems especially Staphylococcal and Klebsiella pneumonia. Neonatal pneumatoceles have mostly been described with ventilator-induced air-leak conditions during the 1970s and 1980s. Recent case reports involving pneumatoceles describe different interventional approaches to decompression but the clinical course of the condition without active intervention is unknown. There have been no reports of the incidence or the course of pneumatoceles in the current era of surfactant therapy and improved ventilator strategies.
The aim of this study was to describe the incidence, clinical course, and outcomes of pneumatoceles in preterm infants with respiratory distress syndrome (RDS) requiring positive pressure ventilation.
Methods

Research design
A retrospective case review was undertaken of infants born at p30 weeks gestational age (GA) and admitted to the NICU at the University of Connecticut Health Center between 1 January 1998 and 31 December 2007. The study involved a review of computerized data of all admissions to identify the confirmed diagnoses of any intrathoracic air-leak including pneumatocele, pulmonary pseudocyst, lung cyst, pneumothorax (PTX), pulmonary interstitial emphysema (PIE), pneumomediastinum, pneumopericardium, or systemic air embolism. Radiological findings of the lungs were reviewed from the radiologists' reports and independent re-evaluation of the radiological findings of interest were done by two of the authors (TN and BJ). Infants with congenital causes of lung cysts were excluded. Pulmonary followup data were obtained from outpatient records of the Division of Pediatric Pulmonology at Connecticut Children's Medical Center. Study was approved by Institutional Review Boards at Connecticut Children's Medical Center and University of Connecticut Health Center. Informed consent was waived given the retrospective nature of the study.
Definitions
Pneumatoceles were diagnosed based on the plain radiograph of the lung, showing a radiolucent loculated collection of air within the lung parenchyma, defined by a rim of lung tissue at its periphery. PIE was defined by the radiographic finding of very small pockets of air (size in millimeters) tracking along the interstitial planes of the lung. PTX was diagnosed by the radiographic finding of air within the pleural space. Pneumomediastinum was diagnosed by the radiographic evidence of air within the mediastinum. Pneumopericardium was diagnosed by radiographic findings of collection of air in the pericardial space. Air embolism was diagnosed by radiographic findings of intravascular air in major blood vessels. The diagnosis of RDS was documented in the computerized data based on the combination of clinical finding of respiratory distress associated with hypoxemia and/or changes of diffuse atelectasis in the lung soon after birth.
Statistical analysis
Statistical comparisons were done using unpaired t-test and Fisher's exact test where applicable. Regression analyses were done to quantify positive or negative trends.
Results
Incidence and clinical characteristics of pneumatoceles
During the period of study from 1998 to 2007, 1053 infants with p30 weeks GA at birth were admitted to the NICU. Pneumatoceles were identified in 19 infants, giving a 1.8% incidence (Table 1) . Most infants had one pneumatocele but 4 infants had 2, and one infant had 5 pneumatoceles. Altogether, there were 27 pneumatoceles identified within the study population of 19 infants. Of these, 26 (96%) were located on the right side of the lung specifically on the right lower or middle lobe. All infants with pneumatoceles had received positive pressure ventilation for RDS before their onset and had also been treated with exogenous surfactant. There was no correlation with prenatal chorioamnionitis. The male-to-female ratio was 12:7. Pneumatoceles were significantly associated with younger GA at birth, lower birth weight (BW), and non-white race (Table 2) . However, on multiple logistic regression analysis only low GA and BW remained significantly associated with pneumatoceles.
Concurrence of pneumatoceles with other intrathoracic air-leaks Of the 1053 infants studied, 109 had intrathoracic air-leaks including, pneumatoceles, PTX, PIE, pneumomediastinum, and air embolism. The concurrence of different types of intrathoracic air-leaks is shown in Table 3 . Of those with air-leaks, 79 had a single type of air-leak and 29 had more than one type of air-leak. There were no infants within this GA group that had pneumopericardium. Intrathoracic air-leak with air embolism was seen in only one extremely premature infant on positive pressure ventilation who died on the 2nd day of life.
Trends in intrathoracic air-leaks
We studied temporal and GA-at-birth related trends in the incidence of various intrathoracic air-leaks including pneumatoceles. There were no temporal trends noticed for any of the air-leak conditions during the 10-year study period. As expected, increasing GA at birth was related to a decreasing incidence of pneumatoceles, PTX, and PIE but not pneumomediastinum. Presence of any type of air-leak was associated with a significant increase in mortality. In infants' p30 weeks GA, mortality was 22% (2/9) with pneumomediastinum, 26% (5/19) with pneumatoceles, 40% (29/73) with PTX, and 46% (18/40) with PIE.
Outcome of pneumatoceles ( Figure 1 ) Using plain film chest radiographs, the clinical course of pneumatoceles was followed during NICU hospitalization. All pneumatoceles were followed to resolution in infants who were alive. Of the five infants who died, four died within 1 to 2 days after onset of pneumatocele related to extreme prematurity along with other severe air-leaks. In one of these infants, autopsy was done and pathological findings of lung injury and hemorrhage into a pneumatocele were found. One infant died many days after resolution of pneumatocele from necrotizing enterocolitis and its complications. The median time of detection was 7 days of life (range, 1st to 28th day of life) and persisted for median of 4 days (range, 2 to 125 days). The longest persistent pneumatocele was in a patient who had received fibrin glue pleurodesis for persistent PTX. In this patient the pneumatocele was still present, although diminishing in size, at time of discharge. At about 5 months of age, it was completely resolved in a follow-up chest radiograph. The median size (at the widest diameter) of the pneumatoceles in this study was 2.0 cm (range, 1.0 to 4.0 cm). All pneumatoceles, without exception, in this case series resolved with a decrease in mean airway pressure. Once mean airway pressure was decreased, no signs of compression of vital organs or mediastinal shift were seen. No surgical or other direct intervention was needed to decompress a pneumatocele.
Long-term pulmonary follow-up
Of the 15 infants that survived, 7 with the most severe bronchopulmonary dysplasia were followed by pediatric pulmonary specialists after discharge. All seven patients were weaned off diuretics (for bronchopulmonary dysplasia) by 1 year of age. Two of the seven had persistent symptoms of reactive airway disease. None of the seven patients needed to be re-hospitalized for persistent pulmonary symptoms during first year of life. Two out of seven patients incidentally had repeat chest films (one at 3 months and the other at 7 months of age). Both films did not show any evidence of reappearance of cysts or any other lesions. 13 showed that ventilator-induced pneumatoceles continue to be a problem especially in infants with PIE. Surfactant replacement therapy was adopted for the treatment of RDS around 1990 and has significantly improved respiratory outcomes in premature infants. To date there have been no reports on the incidence and course of pneumatoceles as surfactant replacement therapy has become standard of care for RDS. This study reports the incidence of pneumatoceles from a single institution and describes the natural course of 19 infants with pneumatoceles along with a review of the literature.
Incidence
The current incidence of pneumatoceles in the population at risk (infants' p30 weeks GA at birth) is 1.8%. When compared with the earlier reports (Table 4), the overall incidence of pneumatoceles has decreased significantly in the post-surfactant era. However, it is interesting that the predominant location of pneumatoceles is still in the right lung especially the right lower and middle lobes; and the peak time of occurrence remains around the 7th day of life. It is twice as common in males as in females.
The mechanism of formation of pneumatoceles is controversial. Prematurity, RDS, the use of positive pressure ventilation and its consequent ventilator-induced lung injury were the usual antecedents of pneumatoceles in our study population. Use of positive pressure ventilation results in lung injury due to barotrauma and or volutrauma and a local increase in proinflammatory mediators and cytokines. 15 Surfactant deficiency related alveolar collapse and re-inflation with positive pressure ventilation are also associated with increase in lung injury. 16 In addition, oxygen and oxygen-free radicals damage the epithelial lining of the lung parenchyma. 17, 18 A combination of these factors may lead to damaged epithelial lining of the lung causing a focal area of inflammation, which in some cases may lead to a checkvalve type airway obstruction, air-trapping, and pseudocyst formation. 17, 19 Areas of lung most susceptible to such injury in an infant are the lower lobes and based on their anatomic location, the right middle and right lower lobes receive the brunt of this effect. The consistent finding of this lesion in the right lung in all studies heretofore lends credence to this pathophysiology. The above-described mechanism may also contribute to other intrathoracic air-leaks. As shown in Table 3 , there are significant concurrences of air-leaks especially pneumatoceles, pneumothroax, PIE, and pneumomediastinum. This finding has been reported in earlier studies. 12, 13, 20, 21 All the infants in Clarke's study had PIE and 90% of all infants in Williams' study had PIE. 12, 13 However, only 26% of infants in our study had PIE before, or associated with, pneumatoceles. Other air-leak complications such as pneumomediastinum and PTX were also significantly less common in our series. Our findings dispute the idea that the occurrence of pneumatoceles associated with positive pressure ventilation is directly related to PIE. A confluence of ventilatorassociated mechanical stretch and shear forces especially in the lower and middle lobes of the right lung along with poor tissue integrity of prematurity may be the major factors involved in development of pneumatoceles.
Within the 10 years of our study, there were no significant change in trends in the occurrence of air-leaks but when compared with the 1970s and 1980s there was a significant decrease in air-leaks especially pneumatoceles. Since the early 1990s, routine use of exogenous surfactant has been used in premature infants especially the very low BW infants. The functionality of surfactant is multimodal. It is able to modulate alveolar surface tension, prevent atelectasis, facilitate mucus clearance, scavenge oxygen radicals, suppress inflammation, and thus reduce the risks of airleaks. 12 Thus, the use of the surfactant was quite possibly an important factor for the decrease in incidence of pneumatoceles in our study compared with the earlier studies. 12, 13 The use of positive pressure ventilation has also changed significantly in the last decade with less aggressive use of high peak pressures or tidal volumes and the availability of high-frequency ventilators. This may be another factor in the decreasing incidence of all intrathoracic air-leaks including pneumatoceles.
Mortality associated with intrathoracic air-leaks continues to be high. This may be more due to the shared risk factors of lung immaturity and injury rather than a cause-effect relationship. Interestingly, in none of the infants who died with pneumatoceles was death directly related to the presence of the pseudocyst or its compressive effects. Death in four cases with unresolved pneumatocele was due to extreme immaturity and its related systemic complications. In one patient that died after resolution of pneumatocele, death was related to necrotizing enterocolitis.
The case series reported by Clarke and later by Williams showed that pneumatoceles resolved spontaneously over time and for the most part did not require any therapeutic intervention. 12, 13, 22, 23 Our findings were similar in that, all the surviving infants had complete resolution of pneumatoceles after a reduction in ventilator mean airway pressure or extubation. There have been reports of complications of pneumatoceles including, PTX and 19 Recently, there have been case reports of large or multiple pneumatoceles in infants needing interventions by surgical or percutaneous catheter-placed decompression or video-assisted thoracoscopic surgery and pig-tail catheter placement. [24] [25] [26] [27] It is important to note that surgical intervention may have many inherent risks including the possibility of an undetected vascular malformation around the cyst and must be used only as the last resort. 28 There has also been a report of successful treatment of a large pneumatocele by selective intubation of the contra-lateral lung and treatment with high-frequency ventilation in a strategy similar to that used for severe PIE. [29] [30] [31] [32] However, in our experience even the largest cysts (up to 4 cm diameter) resolved with reduction in mean airway pressure. Therefore, we believe, conservative management with reduction in positive airway pressures should be attempted before more invasive or surgical interventions are considered.
There have been no earlier reports of post-neonatal outcomes in infants with pneumatoceles. In our limited post-discharge followup of seven infants over a year, no long-term respiratory or other consequences were found.
Conclusion
The use of surfactant and protective strategies in mechanical ventilation have resulted in a decreased incidence of pneumatoceles in preterm infants with RDS. The lack of consistent association of pneumatoceles with any specific air-leak condition leads us to believe that this is a separate diagnostic entity. With our findings, we strongly believe that in the majority of cases conservative expectant management with a reduction in mean airway pressure should be the primary modality to use in the management of single or multiple pneumatoceles of the lung. The need for surgical intervention should be restricted only to those cases that show signs of mass effect unresponsive to reductions in mean airway pressure.
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